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Abstract
We have used single-crystal X-ray diffraction measurements to investigate the structural
modifications induced by Rb-doping of the protonic conductor CsH2PO4. Data collected on the
RbxCs1-xH2PO4 (0 ≤ x ≤ 1) series shows that the monoclinic P21/m CsH2PO4 presentation persists
upon Rb-doping up until x = 0.8. Rb0.8Cs0.2H2PO4 exhibits a previously unreported P21/c
monoclinic structure, where the mirror plane is lost and disorder is present in the PO4 tetrahedra
even at room temperature. Higher levels of x display a tetragonal I-42d unit cell isomorphic with
the known structure of RbH2PO4. The temperature dependence of the proton conductivity
determined from impedance spectroscopy data collected within the 160⁰C-250⁰C range is
also markedly different at high Rb-doping levels, x = 0.8. Finally, Rb0.9Cs0.1H2PO4 undergoes a
transition from its room-temperature tetragonal I-42d phase to an intermediate-temperature
monoclinic P21/m modification at a significantly lower temperature (~80 °C) than pure RbH2PO4
(~120 °C).
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Chapter 1: Introduction
Fossil fuels continue to be the main source of energy for most industrialized nations
despite the desire for alternative energy. According to the National Academy of Sciences, nearly
30% of all fossil fuel used is consumed by the transportation sector which includes personal
vehicles, large trucks, and freight trains. Emerging technology that could replace fossil fuel
burning engines with green alternatives would greatly reduce our carbon footprint, thus reducing
the current demand for oil.
Hydrogen fuel cells have been the focus of many research groups in recent decades with
the goal of making an efficient, greenhouse emissions-free energy source. The combination of
hydrogen and oxygen to produces electricity and water with no CO2 exhaust. While other areas
of research on this topic include hydrogen storage and catalysis, our attention is focused on the
electrolyte that enables proton mobility. In this Chapter, we will outline the basic ideas
necessary for the background of the project including key terms and concepts.

1.1 – Fuel Cells
Fuel cells are devices that convert the chemical energy from a fuel, in this case hydrogen,
into electrical energy via an electric current. Conventional batteries are recharged and discharged
by changing the suppling current or resistance whereas with a fuel cell is a constant flux of fuel
that sustains a reaction and produces usable current. Fuel cells have recently become a popular
topic of research due to the need for emissions-free transportation. Research to date has produced
and tested prototype and concept vehicles .1, 2
1.1.1 – Fuel Cell Origins
The concept of a fuel cell as a means to convert energy through electrochemical reactions
has been around since the middle of the 19th century. The principle behind it was first discussed
by a university professor at the University of Basle, C. Friedrich Schöbein, who is famous for
1

discovering ozone. The invention, however, is attributed to William R. Grove, who was in contact
with him at the time and developed the first gas voltaic battery. Some of his other contributions
include the first correlation of physical forces or better known as the conservation of energy.
1.1.2 – Fuel Cell Components and Processes
Fuel cells are composed of an anode, a cathode, and an electrolyte. The electrolytes’ role
is to allow positively charged hydrogen ions (protons) to move between the two sides of the fuel
cell. Figure 1 shows the basic structure of a common hydrogen fuel cell.
The platinum electrode at the anode end acts as a catalyst that oxidizes the hydrogen fuel
generating protons and electrons. These positively charged ions are attracted towards the cathode
and migrate through the electrolyte. The electrons flow through an external circuit towards the
cathode and produce a current. At the cathode, the protons, and reduced oxygen react to form the
only byproduct: water.

Figure 1: Diagram of a hydrogen fuel cell

2

1.1.3 – Fuel Cell Classifications and Their Applications
Fuel cells are classified by the type of electrolyte they use and by the difference in startup
time. From those two factors, efficiency, durability, and their properties can be easily understood.
The first type is classified for low temperature operations because it can’t persist above
200 ºC it’s called Alkaline Fuel Cell (AFC) also known as the Bacon Fuel Cell because of its
British inventor, Francis Thomas Bacon. This is one of the most fabricated fuel cells due to its
accessible technology; NASA has used them in the Apollo-series missions and on the Space
Shuttle. They consume hydrogen and pure oxygen to produce potable water, heat, and electricity.
They are among the most efficient fuel cells producing 5kW-150kW net output and reaching an
efficiency of 70%.
The Polymer Electrolyte Membrane (PEMFC) is noted for its fast startup time: 1 second
for proton exchange; it has been developed for transport applications as well as stationary fuel cell.
Depending on the electrolyte, they can withstand low operating temperature between 40ºC – 100ºC
and they are the prime candidates to replace its predecessor the Alkaline Fuel Cell technology.
Direct Methanol Fuel Cells (DMFC), the DMFCs are powered by pure methanol which
is in most cases mixed with water when it reached the anode, whereas most fuel cells use hydrogen
as its fuel and its feed directly or inside the same fuel cell by reforming hydrogen-rich fuels such
as methanol or ethanol. One of the advantages with this type of fuel cell is that methanol is easier
to store and transport than hydrogen; additionally, with the current system in place for gasoline
disposal it would be easier to adapt so that it becomes accessible to the public.
They are also under the category of proton-exchange fuel cells, but they have a much lower
efficiency so they are mostly used for portable technology where efficiency is less important and
there are smaller power output demands, e.g. ~5kW. One noted disadvantage is carbon dioxide
production along with water emissions. The operation temperatures are between 60ºC –130ºC
which pose a great limitation for fuel safe storage.
Phosphoric Acid Fuel Cells (PAFC), currently the benchmark with one of the highest
efficiency ratings measured at 80% – 85% when generating electricity and heat together; when
3

generating electricity alone efficiency is 37% – 42%. Outputs have also been successfully
increased with cells producing anywhere from 50kW-11MW net power. Operating temperatures
are intermediate, between 160ºC– 220ºC.
They are tolerant of impurities in fossil fuels that have been reformed into hydrogen unlike
PEMFCs which are easily contaminated by carbon monoxide. On the downside, PAFCs are known
to be larger and heavier, making them less efficient in transportation applications.
Solid Acid Fuel Cells (SAFC) are a class of fuel cells that are characterize by the use of a
solid acid compound as their electrolyte, it works very similar to the proton exchange membrane
fuel cell and to that of solid oxides. They obtain electricity from an electrochemical reaction of
converting hydrogen ions and oxygen gasses and leaving only behind a byproduct of water. Their
operation temperatures are between 200 ºC and 300 ºC.
Current systems of Cesium Dihydrogen Phosphate (CDP) have demonstrated lifetimes of
thousands of hours under certain conditions sustained after the superprotonic phase transition. In
2014 a toilet that chemically transform waste into water and fertilizer was develop using a
combination of solar power and SAFC.
Molten Carbonate Fuel Cells (MCFC), use a molten carbonate salt, e.g. lithium
carbonate, suspended in a porous ceramic matrix as an electrolyte. The operation of this membrane
occurs at high temperatures within the range of 600ºC -800ºC. They reach efficiencies approaching
65%, and have been coupled with turbines in order to increase overall efficacy.
At the high temperatures at which it operates, methane and other light hydrocarbons are
converted to hydrogen within the fuel cell, called internal reforming, allowing a range of fuels to
be used. They are less cost effective than most fuel cells, but the primary disadvantage is the
durability, because of the same high temperatures of operation accelerates breakdown and
corrosion.
Solid Oxide Fuel Cells (SOFC) operate at very high temperatures ranging from 600ºC –
1000 ºC which makes it the highest operating temperatures of all fuel cells. The electrolyte is a
solid ceramic, e.g. zirconium oxide stabilized with yttrium oxide. As with the MCFC the high
4

operation temperatures makes it possible to reform the fuels inside the fuel cell itself. They are
tolerant of carbon monoxide which can be used as fuel, allowing natural gas and gases made from
coal to be used.
One of the disadvantages is that the high operating temperatures put a lot of strain on the
materials so the durability is lower, and it can take longer to start up due to the high temperatures
it has to reach. They produce between 100 – 250kW net power.
Reversible Fuel Cells (RFC), the technology of reversible fuel cells is currently in
development. As other fuel cells it produces electricity and oxygen and generates heat and water
as byproducts. The main difference is that these can use electricity from solar power, and other
sources to split water into oxygen and hydrogen through electrolysis which proves to be a great
advantage over others. The Table 1 below presents a summary of the different fuel cell types, the
differentiation between them, characteristics such as what are the ranges of temperature at which
they operate, the type of fuels the cell can tolerate, and the composition of the electrolyte. Aside
from temperature, other operation conditions such as humidity, pressure, and gasses present,
among others have the ability to affect the conductivity on these electrolytes (Noted in literature
when the CDP, a solid acid electrolyte, is kept under constant pressure of 1GPa in a diamond anvil
cell its stability in its most conductive form is preserved) 3, 4, 5

5

Table 1: Types of Fuel Cells and Characteristics

Transport

FC

Mech.

Op.

Type of

Temperatures(°C) Electrolyte

Type of

Applications

Fuel

AFC

Grotthuss

40-200

KOH

H2

NASA

PEMFC

Grotthuss

40-100

Polymer

H2/CO2

Transport/ Industrial

DMFC

Mixed

60-130

Polymer

Methanol

Electronics

Phosphoric

H2/CO2

Industrial/Commercial

PAFC

Grotthuss

160-220
Acids

SAFC

Grotthuss

200-300

MCFC

Grotthuss/Mixed

600-800

Solid Acids

H2/others

Molten

CH4, H2, CO

Military / Industrial

CH4, H2, CO

Power Generators

Carbonate
Grotthuss

SOFC

600-1000

Solid Oxide

One of the first applications of hydrogen fuel cells beyond proof-of-concept came in the
NASA space program, with implementation in spacecraft from satellites to manned space
capsules. Since then, fuel cells have become of great interest and many new applications have been
sought after. Fuel cells are used for power in commercial, industrial, and residential buildings as
well as in remote or inaccessible areas.
They also became popular in the race for the “zero-emission vehicle” to replace the
currently fossil fuel based personal transportation solutions of automobiles, buses, boats, and
motorcycles. Another recent implementation include the powering of different modern tools, from
cellphones to planes, such findings have been the focus of Large green-energy focused symposia
like the Electric and Hybrid Vehicle Technology expo and the Renewable Energy World
International, during which scientists and industry officials present their newest findings and
technology and fuel cells are shown to power many different modern tools from cellphones to
trucks.
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Figure 2: Fuel Cell applications through the years; the first fuel cell was used on NASA shuttles;
Current technologies allow us to move vehicles with the same technology
1.1.4 – Research Focus
The focus of our study is the proton transfer media within the heart of the fuel cell. Solid
acid electrolytes are the base of great study because of its ease of production and the physical
properties they exhibit, maintaining the properties of salts and acids the electrolytes can be easily
dissolved in water to form an electrically conducting solution, and it can be recrystallized by the
means of supersaturation and filtration.
The most commonly known material to be used as electrolyte is Nafion, which is a
sulfonated tetrafluoroethylene based on a fluoropolymer form discovered by scientists at the
DuPont Corporation. It has the attention of the fuel cell community because of its relative thermal
and mechanical stability, but its conductive properties remain the focus of research all over the
world; this has already many applications in the modern societies for fuel cell applications and
sensors. Nafion was introduced 40 years ago and has become the industry’s number one fuel cell
electrolyte material for applications at low temperatures Nafion, requires a humidified atmosphere
which limits its operational temperature range.1
However, focus has shifted away from the effective temperature range of Nafion which
starts to lose its conductive properties above 80 °C. Research on the topic of phosphate solid acids,
such as CsH2PO4 (CDP) and RbH2PO4 (RDP) shows promising properties at intermediate
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temperatures,3 CDP, in particular, has proven a sharp proton conductivity increase, up to 10-3–102

S·cm-1, upon heating to ~235°C.2-5
The focus of our research includes the synthesis and characterization of a series of solid

acid electrolytes for the system of Rubidium-Cesium Dihydrogen Phosphate from ratios of a given
value of x (0 ≤ x ≤ 1) for this purpose we used Energy Dispersive Spectroscopy. The analysis
technique that hasn’t been used before in terms of structural characterization, was Single Crystal
X-ray Diffraction which allow a deeper understanding of these compounds. Of course we are
concerned about the relation between the crystal structure in relation with the doping ratio x and
the conductivity exhibit at these ratios over a range of temperatures, for which purpose we used
Alternating Current Electrochemical Impedance Spectroscopy in a sophisticated sample holder
that can recreate the conditions of a fuel cell. 6, 7

1.2 – Solid Acid Compounds
Solid acids are composed of salts of strong polyprotic acids, and have been shown to have
mobile protons in their structures under certain conditions. Some well-known solid acids consist
of aggregate added structural material such as carbon, zirconia, and silica. They share the physical
properties of many ionic salts; for example the transparent coloration as a single crystal and white
appearance as an aggregate, their high solubility in water, however what differentiates them from
many ionic salt is their decomposition at high temperatures. Additionally exhibit high solubility in
water; when in solution they undergo a process of hydrolysis they undergo when in a solution that
produces hydronium ions in water.
Acid salts are compounds that possess properties of both salts and acids, due to an
incomplete replacement of the hydrogen of a polyprotic acid. They have gained new attention from
the fuel cell community since they are able to operate at intermediate temperatures and show
promising properties regarding their protonic conductivity. 8

8

In a fuel cell the electrolyte is at the center of the system where it carries the charged
particles, in this case hydrogen ions, from one electrode to another. The electrolyte must be
permeable to the ions while separating anode and cathode, in fact, the type of electrolyte used is
the primary classification of the cell. These decisions include the size of the fuel cell, the fuel that
is going to be used, and the type of electrodes.
An electrochemical reaction is a process caused or accompanied by the production of an
electric current. In a fuel cell the reaction is used to generate an electric current in electrochemical
cells, gaseous oxygen and hydrogen can be combined to form water and usable current.
1.2.1 –Superprotonic Behavior
Solid acid compounds possess properties of both acids and salts and some are known to
undergo a “superprotonic” phase transition where the conductivity jumps in several orders of
magnitude.9 This phenomena has been well studied with several compounds of the category of
MHXO4, MH2XO4, M1-xMxH (XO4)2, and M3H (XO4)2, where M = Cs, NH4, Rb, K and X = S,
P, Se. Because they share properties of salts they are water soluble; they also share similarities on
the structural behavior: they undergo a transition to superprotonic phase first at intermediate
temperature, then gaining stability under that range of temperatures to finally dehydrate under high
operating temperatures for fuel cells on the 260ºC.
1.2.2 – Grotthuss Mechanism
The process by which protons migrate within a solid is often referred to as “Grotthuss
mechanism” (or Bucket Brigade Mechanism) which allows the diffusion of available protons
through a hydrogen bond network; this process is correlated with increases of temperature because
of the higher magnitude of vibration of the protons, facilitating the transfer process to a nearby
binding site (Figure 3).10, 11
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Figure 3: Grotthuss mechanism diagram
1.2.3 – Prior Applications
The prior studies presented by the Cristian Botez research group on Cesium Dihydrogen
Phosphate (CDP) presents a well described experimental procedure from the temperature range
20 - 300ºC that details of the monoclinic samples at room temperature as well as the phase
transition to the cubic phase and correlates with the increase on the conductivity, also known as a
superprotonic conduction phase. They have also documented the high temperature of loss of
stability and dehydration of the sample over time.12
Other results from the Botez group on Rubidium Dihydrogen Phosphate (RDP) detail the
tetragonal samples undergoing a phase transition into a monoclinic structure, a phase shared by
CDP. 13
The reported temperatures under ambient pressure go as follows: monoclinic to cubic phase
structural transition at T = 237ºC; slow dehydration starts prior to these temperatures and continues
even in the absence of further heating; the dehydration is no complete with significant amount of
cubic CDP remaining in the sample 2 hours after the transition.
Most phosphate salts undergo similar behavior: a phase transition (not necessarily cubic)
at very close temperatures, followed by the slow dehydration over time, and finally, when
temperature increases, a complete loss of morphology. Other studies have been conducted on
Rubidium Dihydrogen Phosphate (RDP), Rubidium Deuterium Phosphate (DRDP), which follow
this pattern. 12
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Chapter 2: Aim of Study
Research into materials that can act as effective proton conductors at intermediate and high
temperature is important to the future to the wide spread adoption of hydrogen fuel cell
technologies.
Our project includes the synthesis and characterization of a series of solid acid electrolytes
for a system of cation substitution of Rubidium in Cesium Dihydrogen Phosphate from ratios of a
given value of x (0 ≤ x ≤ 1) Energy Dispersive Spectroscopy was used in conjunction with results
obtained with SCXRD to assure that the synthesis results were correct before moving forward.
Single Crystal X-ray Diffraction is a very well-known tool for crystallographic
characterization that allows a deeper understanding of the materials. It will allow us to better
understand the relation between the crystal structure and the metal doping ratio “x”.
AC conductivity measurements took place to better appreciate the dependence of this factor
“x” over the ratios at range of temperatures, for which purpose we used Alternating Current
Electrochemical Impedance Spectroscopy in a sophisticated sample holder capable of simulating
the conditions existing inside a fuel cell, including the flow of two different gasses on opposite
sides of the pellets.7
2.1 – Prior Study
It has been shown that superprotonic phases of solid acids display a high symmetry (i.e.
cubic or tetrahedral) in their crystalline forms with energetically available sites for hydrogen
bonding more numerous than the protons present. For phosphate-based solid acids, the mobility of
the protons at elevated temperature may be linked to disordered positions for the PO4 groups, since
H2PO4- groups rotate and nearby hydrogen bonding sites become close enough to make the transfer
of a proton.12,16 On several studies focused on CDP,18-20 it was suggested that partial replacement
of the cation Cs+ by Li+, K+, or Rb+ may tune the properties of the material and improve the
measured proton mobility.
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Likewise the HSO4- anion was introduced for the same ends.9, 21-24 Structural changes due
to ion replacement were suggested as the cause of the changes in conductivity because structure
affects the barriers to rotational disorder and therefore proton mobility.17 However this is not the
only explanation for higher conductivity within these materials, there has been a robust debate on
the origin of the high temperature enhanced proton conductivity of CDP. Park et al.,25,26 and Ortiz
et al.27 have supported that this phenomenon is due to thermal decomposition and partial
transformation to a pyrophosphate. Others, like Brownowska, 28 Baranov et al., 29 Boysen et al.30
and Botez et al., 12, 13 argue that the increased proton conductivity is due to a polymorphic phase
transition to a cubic structure.
Reinforcing any of these hypotheses requires corroborating proton conduction
measurements with structural investigations that, in the case of phosphate solid acids, have been
so far exclusively carried out using powder X-ray diffraction.
2.1.1 – Materials of Interest
Previous research found that Solid Acid materials, materials based on Alkali metals and
phosphate or sulfate which include Cesium Dihydrogen Phosphate (CDP) and Rubidium
Dihydrogen Phosphate (RDP), show promising results for proton transport. Doping or
combinations of CDP and RDP, like the solid-state structures of RbxCs1-xH2PO4 ( 0 ≤ x ≤ 1), is
the subject of this research, beginning with the goal of identifying Rb-doping induced atomiclevel structural modifications using Single Crystal X-ray Diffraction.
The jump in the proton conductivity of CDP at ~235°C is attributed to a phase transition
from CDP’s room-temperature monoclinic phase to a cubic phase (the superprotonic phase), as
indicated above.12,17 We are interested in how the cation ratio affects the temperature at which
phase changes take place and how this affects proton conductivity.
While the room temperature crystal structure of RDP is tetragonal, we have recently
reported an intermediate-temperature transformation to an RDP phase that is monoclinic and
isostructural to room-temperature CDP.12 ADD SOSSINA PAPER ON CDP PRESSURE
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2.1.2 – Analysis Techniques
Previous powder x-ray diffraction results have shown a dependence of the lattice
parameters on the proposed system of Rubidium and Cesium ratio,31 Using SCXRD data we will
allow for a more precise determination of atomic structures and atom positions; this in turn will
reveal the changes of symmetry that it undergoes providing a greater insight into the structural
pathways for proton conduction.11 In this work we also aim to investigate phase changes, similar
to the tetragonal-to-monoclinic phase change reported in RDP, within the RbxCs1-xH2PO4 series.
Temperature resolved impedance spectroscopy carried out on RbxCs1-xH2PO4 samples of
different x values, in conjunction with high-quality structural data, will help clarify the effect of
the Rb-doping-induced microscopic structural changes and their effect on the macroscopic proton
conductivity properties of these materials.
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Chapter 3: Methods and Materials
This Chapter will address the background necessary to understand the project’s execution,
and the specific techniques used for analysis and the basics of some of these techniques as well as
the physics behind them. The first section is dedicated to the process of synthesis of materials with
the ratio of metals desired. Then we will talk about Single Crystal X-ray Diffraction and the
analysis of the data as well as the methods used to corroborate material characterization as well as
structural determination. Finally we briefly demonstrate the foundation for AC Electrochemical
Impedance Spectroscopy and the methods we used for the analysis of the data.
3.1 – Synthesis Process
In this section we describe the process used in the production of mixed-metal materials
along with the table of the proportions used to get the appropriate ratios of Rubidium and Cesium
Dihydrogen Phosphates.32, 33
Samples of RbxCs1-xH2PO4 (0 ≤ x ≤ 1) were synthesized from a mixture of phosphoric acid
and desired ratio of Cs2CO3 and Rb2CO3 in distilled/deionized water. Slow evaporation was used
to grow high quality crystals, this was necessary when growing crystals suitable for SCXRD. This
process was used to create Rb doped samples of desired concentrations. 34

𝑥𝑥 𝑅𝑅𝑅𝑅2 𝐶𝐶𝐶𝐶3 + 1 − 𝑥𝑥 𝐶𝐶𝐶𝐶2 𝐶𝐶𝐶𝐶3 + 2 𝐻𝐻2 𝑃𝑃𝑃𝑃3 → 2𝑅𝑅𝑅𝑅𝑥𝑥 𝐶𝐶𝐶𝐶1−𝑥𝑥 𝐻𝐻2 𝑃𝑃𝑃𝑃4 + 𝐻𝐻2 𝑂𝑂 + 𝐶𝐶𝐶𝐶2

Equation 1: Stoichiometry followed for the synthesis of the conductor series

In Equation 1 we have the general reaction scheme followed to calculate the ratios of
carbonate required. Underneath in Table 2 we have the ratios used for the production of materials
in grams.
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Table 2: Stoichiometry calculations for the synthesis process of slow evaporation
Cs

Cs2CO3 (g)

Rb2CO3 (g)

H3PO4 (g)

Final product (g)

10%

.6520

4.160

4.611

9.423

20%

1.303

3.695

4.611

9.609

30%

1.954

3.233

4.611

9.798

40%

2.606

2.771

4.611

9.928

50%

3.258

2.309

4.611

10.178

60%

3.909

1.847

4.611

10.367

70%

4.561

1.384

4.611

10.556

80%

5.212

0.922

4.611

10.655

90%

5.864

0.459

4.611

10.934

3.2 – Single-Crystal X-Ray Diffraction (SCXRD)
Single-Crystal X-Ray Diffraction (SCXRD) is a characterization technique used to find
precise atom positions within a material and therefore its microscopic structure. The relationship
of the structure of solid acids electrolytes on their bulk physical properties, i.e. proton conduction,
is not well understood. In this section we will talk about the basics of the technique along with the
process of sample selection and the analysis of the data obtained.
3.2.1 – SCXRD Basics
Single Crystal X-Ray Diffraction (SCXRD) is a technique for the analysis of crystalline
substances. It is capable of providing very detailed information about the internal lattice of the
samples: unit cell dimensions, bond lengths, and bond angles. The development of this technology
was in parallel with the Powder XRD, and also uses an X-ray tube to produce collimated radiation
that is directed to the sample, while the detector stands behind the target. All methods are based
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on the generation of X-rays in an X-ray tube and the detection of reflected X-rays. The main
differences in the techniques are in the sample choice and in the detector area.
Data produced from samples consists of several thousands of unique reflections whose
arrangement is called a diffraction pattern. The Miller Indices (hkl) may be assigned to each
reflection to indicate its position within the pattern, this has a Fourier relationship to the crystalline
lattice and the unit cell in real space.
3.2.2 – SCXRD Methods
In the Figure 4 image we can see 3-cicle diffractometer with the angles between the
incident ray, the detector and the sample marked.

Figure 4: Single Crystal Optics Schematic with a 3-circle
ganiometer head
Single Crystal X-ray Diffraction experiments took place in the Scattering Laboratory under
the supervision of Dr. Cristian Botez in a brand new Bruker D8 Quest with 3-circle goniometer
equipped with a Photon 100 CMOS detector. When non-ambient environment was required, we
had Oxford Cryostream system was equipped to allow for the control of the temperature of the
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samples in an orderly way warming up a nitrogen stream from 100 K to 400 K. The light source
comes from a Molybdenum (Mo) monochromatic radiation Kα (λ = 0.71073 Å) that was focused
via Triumph multilayer optics.
The selection of a single crystal sample involved a Polarized Light Microscope and a
micro-tools. The crystal is placed in a highly viscous oil (Paratone-N, Hampton Research) to make
its manipulation, transport, and adhesion to the sample stage (micro loop by MiTeGen) possible.
The crystal cluster is placed under the microscope’s polarize light in order to detect
fractures and cracks on the crystals as well as entanglement with others because we have to make
sure the sample is, in fact, a single crystal. The size of the crystal must be well suited to both the
sample stage and the size of the X-ray beam.35
After the sample was mounted into the goniometer and it was adjusted to align with the
beam and the data was collected, gathering hundreds of images for analysis. Data were reduced
and processed using the Bruker Apex II suite of programs. A multi-scan absorption correction was
calculated and administered using SADABS
routines included in APEX II.36,

37

36

and the structures were solved by SHELXT sub-

Atoms were located using a Fourier difference mapping

technique, and structures were eventually refined by full matrix least squares algorithms on F2.36,
39

Hydrogen atoms were placed geometrically using a riding model. All non-hydrogen atoms were

refined anisotropically.
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3.2.3 – SCXRD Data Output

Figure 5: Single Crystal X-Ray Diffraction Pattern,
raw data obtained from RDP at
transition temperature

Some of the data is shown in Figure 5 were each one of the spots is a reflection, a
contribution from the planes of atoms in the crystal. It is necessary to collect as close to 100% of
the unique reflections up to a desired resolution to create a real-space image; the information about
the position and the intensity of the diffraction pattern is collated and analyzed. The reflections
contain information to construct a structure of the material at the atomic level. Single Crystal Xray Diffraction was carried out on a Bruker D8 Quest with a 3-circle goniometer equipped with a
Photon 100 CMOS detector.
We collect hundreds of images like these during the measurement and they are reduced
and analyzed with Bruker Apex II software. Now each one of the images contains reflections that
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make up the total diffraction pattern which undergoes a Fourier transformation that will allow us
to produce an electron density map which is the basis of atomic model of our materials.35,40-42

3.3 – Energy Dispersive X-Ray Spectroscopy (EDS)
EDS has been used to characterize the chemical composition of samples. During this
section we will discuss the origin of this technique as well as its application in our experiments.
This was the first set of experiments we performed because it was important to make sure that the
synthesis resulted in the desired ratios of metals.43
3.3.1 – EDS Origins
Energy Dispersive X-ray Spectroscopy or EDS was developed in the 1950s by Ernst Ruska
and Max Knoll. It belongs to the family of Electron Microscopes (Transmission Electron
Microscopes or TEM and Electron Backscatter Diffraction or EBSD); Figure 6 presents a
simplified view of the process. The sample is placed at the base and the chamber is evacuated to
obtain a vacuum.43, 44

Figure 6: Schematics of a Scanning Electron Microscope and Energy Dispersive Detector

19

The microscope produces images by shooting a focused beam of electrons that interact
with the atoms in the sample which generate signals with information about the topography and
chemical composition of it. It works by scanning the surface of samples by measuring the emitted
secondary electrons from it. It creates images with magnification greater than that of optical
microscopes. This makes it the perfect tool for many fields including biology, forensic science,
physics, etc.
The electron beam hits the sample and excites it so it emits X-rays of a characteristic
wavelength; the sample becomes ionized by the incident beam and start to eject electrons from the
lowest energy levels. This action happens to release energy and this is the characteristic emission
from each element when it happens to have many elements present of a wavelength dispersive
spectrometer.43-45

Figure 7: HITACHI TM-1000 Energy Dispersive X-Ray Analyzer
3.3.2 – EDS Methods
Energy-Dispersive X-ray Spectroscopy (EDS) data were used to confirm the expected Cs:
Rb ratio for all the samples used in this study. The measurements were performed on an Oxford
Instruments attachment integrated into a Hitachi TM-1000 (Figure 7) system and the data was
analyzed using SwiftED software.46
20

3.3.3 – EDS Output
The EDS technique relies on a pulse height analysis. The detector gives a reading
proportional to the height to the X-ray photon energy, it is used in conjunction with a pulse
height analyzer. The detector will determine the resolution of these refracted beams and a
program will determine the weight presence of the element in percentage contained in the
sample.
The data is presented in a graph with the X-axis representing the X-ray energy (in eV
wide usually) and the Y-axis being the number of counts per channel. An energy line that is
consistent with the individual energy of the photons is then broadened by the system to produce a
Gaussian profile and the energy resolution is then defined by the full width of the peak at half
maximum height (FWHM). The analysis is done by the identification of the line and doing a
quantitative analysis which comes very handy to obtain a complete spectrum. 47

3.4 – AC Electrochemical Impedance Spectroscopy
AC Electrochemical Impedance Spectroscopy is a technique required to obtain the ionic
conductivity of solid acid electrolytes. This segment will address the basic theory behind this
technique as well as the experimental process we followed.
3.4.1 – Impedance Spectroscopy Origins
This method was devised by applying several analysis techniques to the basic
understanding of Ohm’s Law of current and voltage, where the current and voltage signals from
an AC source are analyze and their phases compared with each other, this phase shift then is used
together with Ohm’s Law to calculate the Impedance of the system, we shall discuss latter on the
possible representations of the data.48
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3.4.2 – Impedance Spectroscopy Data and Analysis
For solid acid compounds this is a very commonly used technique, because if you were to
apply a DC current to the solid electrolytes it only produces a polarization that then stops the ions
from moving in one side of the electrodes basically creating a electrolyte capacitor.
In Impedance Spectroscopy with an AC voltage the ions oscillate in parallel to the direction
of the current which is directly proportional to the frequency voltage.

𝑍𝑍 =

𝐸𝐸0 sin(ωt)
𝐼𝐼0 sin(ω𝑡𝑡 + ∅)

Equation 2: Impedance calculation analogous to Ohm’s Law
The accurate and absolute value of the impedance \Z\ can be obtained by the voltage,
current and phase shift from a Cole – Cole plot. The most commonly graph used to measure the
conductivity is the Nyquist Plot which uses the bulk resistance of the material, the surface area of
the electrodes and the separation between them represented in this plot. Through a derivation of
the Nernst-Einstein relation we can calculate the ionic conductivity of the samples.

𝐵𝐵(2𝜃𝜃) =

𝐾𝐾𝐾𝐾
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝜃𝜃)

Equation 3: Nernst-Einstein Relation
In Figure 1.8 we cans see an example of an equivalent circuit (Randles cell) can be seen,
which is the basic set up used to compare to the measured results of EIS results, the models can
become very complicated and it depends on the quality of the data obtained. The software used to
analyze it is called ZMAN, it works as a recognition software for the industry where it takes a
preexisting circuit model and changes the values for the components to better match the results
from each sample; it does this process for hundreds of possible circuit combinations and provides
the best matches to be then used for the calculations of the conductivity.

22

In order to better understand the behavior of the transport mechanics and the relevance to
the real conductivity of the materials, these representations are calculated by a software which
gives certain values to them to better fit the experimental and theoretical data. Here the Rs is the
uncompensated solution resistance, Rp is the polarization resistance, and Cdl is the double layer
capacitance. 49, 50

Figure 8: Simple equivalent circuit (Randles cell)
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3.4.3 – Impedance Spectroscopy Preparation and Assembly

Figure 9: Sample Holder for the Impedance Spectroscopy, the ProboStat
The sample holder that makes this type of measurement possible is called ProboStat and is
fabricated and distributed by NorECs. It’s a chamber is designed quote - “for measurements of
electrical properties, transport parameters, and the kinetics of materials, solid/gas interfaces and
electrodes under controlled atmospheres at high temperatures up to 1600°C.”
It possesses a wide range of accessories for the system developed by the experiences of
Kofstad/Norby group at the University of Oslo. The sample in question rests on a long support
tube of alumina inside a closed outer tube of alumina/silica. The sample can be connected with 2
to 4 electrodes of platinum, using a disk, a van der Pauw, or bar geometries. Everything is held
together on top by a spring loaded alumina section to hold the sample and electrodes together and
in place. 7
It has 16 electrical feedthroughs allowing the use of many measurement apparatus
simultaneously. Gasses can be fed in single or dual chamber modes directly onto or from
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electrodes, allowing for many combinations and incredible control of the atmospheres surrounding
the samples.
The assembly of the ProboStat start by selecting what set up we are going to be using,
which includes how many temperature controls we need, if we are going to flow any gases trough
the sides of the pellet or not, if we need a transparent enclosing or an obscure one, then we assembly
the ring stand by removing it from its box and securing it to the assembly node.
Take away the protective encasing and start with the first chamber which is the one
controlling the gas flow underneath the sample, we need to make sure that the electrodes are
properly connected because they are essential to the calculations of connectivity latter on.
Following goes in the enclosing of the first electrode or anode (at which point we can bend
the wire mesh on top of the opening) along with the first gas intake of the system. Immediately
afterwards assemble the spring compression system which are three ceramic rods that slide into a
holder that allows flow of gas from the top (to flow gases just like in a fuel cell), we put it aside
for the moment.
For the cathode assembly we need to connected on the outside of the first enclosing and
we can then start to set up the material by placing the pellet on top of the lower mesh and then
alighting the second mesh on top of it, now we can set up the previously assembled spring
compression system, which consists of 3 springs to hold them together (different tensions are
possible so depending on the sample we can vary it).
After the top mesh is bend inside, carefully lower the compression system and attach the
three spring by stretching them to the lower section of the base. Then we can attach the cathode
gas tube and the thermocouples to the base and hold it right on the top entrance of the compression
system where the hole is located, during this same step the thermocouples are connected.
Finally we grab the outer enclosing and slide over every piece of the ProboStat so it fits
tightly together, outside we secure it with a screwing base on it.
After its place on a secure location underneath the tube furnace we can attach the proper
confections, first the temperature sensors are connected, depending on the experiment we can use
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several at one time, for example on humid environment experiments the temperature control that
will tell us the temperature of the base is added, this base has to be above water boiling point to
avoid deposits on the base. Never forget to connect the thermocouple sitting millimeters away
from the sample so we obtain accurate readings.
Then we connect the coaxial cables from the Impedance / Phase Gain Analyzer Solartron
then, again if we are doing experiments that required a humid environment we connect the
humidity control box and heating system so we make sure that we are bubbling the water on to the
system and not just deliver water on the sample which could pose obvious problems.
After that we set up the sweeping program for the desired range of analysis as well as the
collecting software so we can see the data captured in real time as a Nyquist plot.
As previously explained for the accurate calculations of the impedance of the material there
needs to be strict control over the physical characteristics of the pellets due to the direct effect on
their surface and the distance in between electrodes.
Different set ups for the experiments will lead to incoherent relations between the results;
trial and error concluded that the best results are obtained when the two surfaces where the wires
are attached are coated with silver paint to serve as an even distribution for the disk; this warranties
that both sides have exactly the same diameter therefore equal surface area.
The pellets were prepared on a manual hydraulic press

3.4.4 – Impedance Spectroscopy Measurements and Conditions
Pellets were prepared as samples for measuring proton conductivity for all doping ratios of
the system of RbxCs1-xH2PO4. The impedance spectroscopy measurements were preformed using
a Solartron 1260 impedance analyzer coupled with a ProboStat® sample holder. A 100 mV
oscillating potential in a frequency range from 6 MHz to 1 Hz was applied in a standard two-point,
four-wire setup.
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The pellets were previously coated in both faces with silver paste so that a uniform and
consistent electrode surface area was obtained; platinum wires were used as measurement leads.
For temperature measurements the sample holder (ProboStat) was placed inside a vertical tube
furnace, were there was full control of the temperature ramp rate and the time spent in each
temperature; the temperature varied within the 160

- 250
⁰C

conductivity was determined from Nyquist plots.

3.4.5 – Impedance Spectroscopy Data and Interpretation
Data was obtained from a Cole-Cole Plot and using the relation separated between the real
and imaginary parts. Then Explain Cole-Cole plots with images and how it relates to super protonic
behavior. Where the Bulk resistance of the electrolyte is the diameter of the semicircle but if we
have super protonic behavior we do not see a semicircle because the conductivity is too large and
we only measure from the origin to the plot.

ε ∗ (ω ) = ε ∞ +

(ε s − ε ∞ )
1 + (iωτ 0 )1−α

Equation 4: Cole – Cole Equation
Bode plots present the data in as the system responds to frequency; they are presented
usually as a combination of a Bode magnitude plot, (the magnitude of the frequency response in
decibels) and a Bode phase plot (the phase shift). Both quantities are then plotted with a horizontal
axis proportional to the logarithm frequency. Simple method for graphing gain and phase-shift
plots, maintaining stability and taking in consideration the variations in circuit characteristics
originated by the bad calibration of the product or errors during the measurement collection.
Nyquist plot allows a representation easy to understand for a frequency response system.
In Cartesian coordinates, the real part of the transfer function is plotted on the X-axis and the
imaginary part on the Y-axis. In polar coordinates, the gain of the transfer function is plotted as
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⁰C range. In

the radial coordinate, while the phase of the transfer function is plotted as the angular one. This
form can provide more information about the shape of the transfer function; for example, the angle
at which the curve approaches the origin can give us information about the number of poles and
zeros of the function.
Both engineers that came up with these two representation methods (Bode and Nyquist)
used to work at Bell Laboratories.

Figure 10: The impedance data are the black points, the projection onto the Z” – Z’ plane is
called the Nyquist plot.

A final detail to remember is that the impedance of the system is represented by a complex
number which specific representation within the complex plane with the Y-axis been imaginary
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and the X-axis real; each data point represents a different frequency, the impedance is then
represented as a vector of length /Z/ with an angle between it and the x-axis given by∅.
Afterwards we can then do the calculations for the conductivity of the material based on
the point of lowest frequency that touches the x-axis using a simple relation (Figure 10).
Using the Equation 5 and the previously explained method of data acquisition we are able
to determine the conductivity of the material manually, of course we have a software that takes
care of this calculations when the system becomes too complicated for the manual analysis: ZMan
2.3 software.
𝜎𝜎 =

𝑙𝑙
𝑅𝑅𝑅𝑅

Equation 5: Conductivity calculation from the Nyquist plot; A is the area of the electrodes, l is
the separation between electrodes, and R is the resistance in contact with the xaxis at the end of the semicircle (lowest frequency).
Diffusion from other elements can cause an impedance known as Warburg impedance
which depends on the frequency of the potential perturbation. In a Nyquist plot, the Warburg
impedance appears as a diagonal line with slope of 0.5 in a Bode plot, the Warburg impedance
exhibits a phase shift of 45°. 51
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Chapter 4: Experimental Results
The Chapter we will show that the synthesis process was successful and that we obtained
the desired mixed-metal solid acid materials. We show this through the results of two experiments,
EDS, and SCXRD. Next, we will show the structural dependence on x with SCXRD and how the
symmetry and crystal phase is affected. Then we will demonstrate how these changes affect proton
conductivity within the materials using Impedance Spectroscopy. Lastly, we will demonstrate how
a known change in phase from tetragonal to monoclinic is affected by doping changing the
temperature of transistion.
4.1 – EDS
First, we used two independent techniques, EDS and SC-XRD, to determine the actual Rbdoping level, x, in the mixed RbxCs1-xH2PO4 (0 < x < 1) series. This initial characterization is of
particular importance, as validating the values of x predicted from synthesis defines the overall
accuracy of our study.

Figure 11: EDS data and corresponding SEM images (inset) collected on an Rb0.2Cs0.8H2PO4
sample allow accurate elemental analysis that confirms the metal ratio sought in
synthesis and independently obtained from X-ray analysis via structure refinement

30

Figure 11 shows the EDS results for the Rb0.2Cs0.8H2PO4 sample. The spectrum, collected
within the 0 -14.25 keV energy range upon focusing the electron beam onto a small area of the
sample (inset), shows robust peaks characteristic for Cs and Rb. Quantitative analysis based on
their relative intensities allowed us to experimentally determine the Rb-doping level: we found
xexp = 0.195 a value very close to its calculated (from synthesis) counterpart, xcalc = 0.2. We carried
out similar EDS measurements and analyses for all the other mixed compounds in series (0 < x <
1) and, in each case, determined the experimental Rb-doping level.
Figure 12, shows the values of the experimentally determined Rb-doping level xexp from
EDS (filled circles) and XRD (empty circles) as a function of their synthesis-predicted counterpart
xcalc.
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Figure 12: Comparison between the Rb-doping levels expected from synthesis in the RbxCs1xH2PO4 (0 ≤ x ≤ 1) series xcalc and its experimental counterparts xexp measured from
EDS (triangles) and SC-XRD (circles).

4.2 – SCXRD Characterization
We then determined xexp using SC-XRD. Briefly, this was done by refining the
substitutional disorder at the site of the Rb/Cs metal centers against Fourier difference maps
calculated from data collected on each member of the RbxCs1-xH2PO4 (0 < x < 1) series. ‘PART’
commands and a free variable were used to determine the weighted average of the two metals
that best matches the electron density seen in the Fourier difference maps.52
Next, the crystal structures of the mixed solid acids RbxCs1-xH2PO4 were determined from
SC-XRD experiments for x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1. The crystallographic
results of these experiments are summarized in Table 3.
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Table 3: Crystallographic data on the RbxCs1-xH2PO4 (0 ≤ x ≤ 1) series obtained from single
crystal data analysis
Cation ratio
Crystal
system
Space
group
T (K)
Unit cell
dimensions
(Å, °)
a
b
c
α
β
γ
Volume
(Å3)
Z
Calculated
density
(g/cm3)
Absorption
coefficient
(mm-1)
2θ range
Unique
reflections
Total
reflections
Goodnessof-fit on F2
R1, wR2 (all
data)

R1, wR2
(final)

F(0 0 0)

Cs0.1Rb0.9
Tetragonal

Cs0.2Rb0.8
Monoclinic

Cs0.3Rb0.7
Monoclinic

Cs0.4Rb0.6
Monoclinic

Cs0.5Rb0.5
Monoclinic

Cs0.6Rb0.4
Monoclinic

Cs0.7Rb0.3
Monoclinic

Cs0.8Rb0.2
Monoclinic

Cs0.9Rb0.1
Monoclinic

I -42d

P 2(1)/c

P 2(1)/m

P 2(1)/m

P 2(1)/m

P 2(1)/m

P 2(1)/m

P 2(1)/m

P 2(1)/m

298(2)

298(2)

298(2)

298(2)

298(2)

298(2)

298(2)

298(2)

298(2)

7.6067(3)
7.6067(3)
7.2942(3)
90
90
90
422.06(4)

9.5663(5)
6.2161(4)
7.7067(4)
90
108.852(2)
90
433.70(4)

4.7932(4)
6.2319(5)
7.6689(6)
90
107.606(3)
90
218.35(3)

4.8262(3)
6.2771(3)
7.7627(5)
90
107.921(3)
90
223.76(2)

4.8283(3)
6.2908(4)
7.7772(5)
90
108.024(2)
90
224.63(2)

4.8415(3)
6.3074(3)
7.8076(5)
90
108.01(1)
90
226.74(2)

4.8504(3)
6.3283(3)
7.8276(4)
90
107.879(2)
90
228.66(2)

4.8610(3)
6.3538(3)
7.8611(4)
90
107.739(2)
90
231.25(2)

4.8728(2)
6.3776(3)
7.8894(4)
90
107.739(2)
90
233.52(2)

4
4.963

4
4.830

2
4.797

2
4.681

2
4.893

2
4.619

2
4.580

2
4.529

2
4.485

20.491

19.941

19.805

19.326

11.718

19.071

18.911

18.699

18.518

7.576 to
56.41°
265

5.586 to
62.01°
1452

5.58 to
56.64 °
598

8.521 to
54.37°
539

6.48 to
61.30°
747

5.49 to
61.05°
745

8.44 to
61.12°
757

6.41 to
56.63°
631

5.42 to
56.58°
635

3632

10419

10836

5586

11284

8448

4927

8604

7654

1.316

1.080

1.126

1.169

1.253

1.178

1.163

1.189

1.428

R1 =
0.0334
wR2 =
0.0841
R1 =
0.0327
wR2 =
0.0835
564

R1 =
0.0517
wR2 =
0.0677
R1 =
0.0320
wR2 =
0.0622
564

R1 =
0.0381
wR2 =
0.0905
R1 =
0.0364
wR2 =
0.0895
282

R1 =
0.0512,
wR2 =
0.1110
R1 =
0.0403,
wR2 =
0.1053
282

R1 =
0.0248
wR2 =
0.0687
R1 =
0.0237
wR2 =
0.0681
296

R1 =
0.0232
wR2 =
0.0572
R1 =
0.0221
wR2 =
0.0566
282

R1 =
0.0336
wR2 =
0.0602
R1 =
0.0262
wR2 =
0.0578
282

R1 =
0.0167
wR2 =
0.0419
R1 =
0.0159
wR2 =
0.0415
282

R1 =
0.0255
wR2 =
0.0629
R1 =
0.0244
wR2 =
0.0625
282

It’s noteworthy that the crystal structure of the undoped compound (x = 0) – monoclinic
P21/m – persists upon increasing the Rb content up to x = 0.7 (Rb0.7Cs0.3H2PO4). Further doping
to x = 0.8, however, results in several structural changes.
Indeed, for Rb0.8Cs0.2H2PO4 the mirror plane is lost, the unit cell doubles in size along the
a-axis, and the space group changes over to P21/c. In addition, the number of formula units in the
cell, Z, increases from 2 to 4. Upon increasing the doping level to x = 0.9, the crystal symmetry
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changes again from monoclinic to tetragonal (I-42d). As shown by the results in Table 4, the
tetragonal crystal structure of Rb0.9Cs0.1H2PO4 is isomorphic with that of pure RbH2PO4, a similar
behavior to the one exhibited at the other end of the series, where an isomorphism relation exists
between monoclinic Rb0.1Cs0.2H2PO4 and CsH2PO4.53, 54

Table 4: Comparison between the crystallographic data of the room temperature phases of CDP
and RDP and those of the mixed solid acids Rb0.1Cs0.9H2PO4 (x = 0.1) and
Rb0.9Cs0.1H2PO4 (x = 0.9), respectively
Unit cell dimensions (Å, º)
a
b
c
α
β
γ
Volume (Å3)

CDP
4.880(1)
6.383(1)
7.912(2)
90
107.73(2)
90
234.74(1)

Cs0.9Rb0.1H2PO4
4.8728(2)
6.3776(3)
7.8894(4)
90
107.739(2)
90
233.52(2)

RDP
7.607
7.607
7.299
90
90
90
422.9(4)

Cs0.1Rb0.9H2PO4
7.6067(3)
7.6067(3)
7.2942(3)
90
90
90
422.06(4)

Figure 13: Unit cells and corresponding diffraction patterns of the three types of crystal
structures that occur in the RbxCs1-xH2PO4 (0 ≤ x ≤ 1) series upon the increase of
the Rb doping level x: left: monoclinic P21/m for values of x from 0 to 0.6; center:
monoclinic P21/c for x = 0.8, right: tetragonal I-42d for x = 0.9.
The variation of the unit cell parameters (a, b, c,β) and volume (V) upon increasing the
Rb-doping level (x) determined from SC-XRD measurements are shown in Figure 11. Here, we
first note that the length of all three unit-cell axes decreases monotonically with increasing x
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within the monoclinic P21/m (0 ≤ x ≤ 0.7) range, an expected behavior as smaller Rb atoms
(ionic radius 166 pm)55 progressively replace their larger Cs counterparts (ionic radius
181pm).55

Figure 14: Unit cell parameters as a function of the Rb-doping level x in the three
crystallographic phases present upon increasing x in the RbxCs1-xH2PO4 (0 ≤ x ≤ 1)
series.
The unit cell volume V decreases with the amount of rubidium linearly, in accordance with
Vegard’s law.56 Another observation is that the monoclinic symmetry persists at x = 0.8, but the
space group changes from P21/m to P21/c as a result of the loss of the mirror plane. In addition,
axis a doubles in length– with respect to the value expected if the decrease of this unit cell
parameter had continued to x = 0.8 – while the other two axes, b and c, remain comparable to their
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x = 0.7 values and do continue their decrease. In addition, the unit-cell volume of the x = 0.8
compound reaches ~434 Å3 (compared to its x = 0.7 counterpart ~218 Å3) and the number of
formula units in the unit cell doubles from 2 to 4.
This is the first observation of a P21/c structure within the RbxCs1-xH2PO4 (0 ≤ x ≤ 1) series.
Previously reported were the monoclinic P21/m and tetragonal I-42d modifications (which belong
to the two ends x = 0 and x = 1, respectively). In this respect, our results our results differ from a
recent powder diffraction study by Martsinkevich et al.31, where a P21/m space group was reported
to persist throughout the entire range of x studied.
Another interesting aspect of the P21/c crystal structure of Rb0.8Cs0.2H2PO4 is the fact that
the PO4 tetrahedra are disordered. In fact, this appears to be the reason for the above-mentioned
symmetry break: the mirror plan (in the P21/m structure) bisects the PO4 tetrahedra, and, as they
become disordered, the mirror is lost. Moreover, this newly uncovered structure might be
significant, as several studies have indicated that tetrahedral disorder is directly linked to proton
conductivity enhancement in solid acid materials, particularly in CsH2PO4. 17
However, the disorder in Rb0.8Cs0.2H2PO4 appears not to be rotational (as in the high
temperature superprotonic CsH2PO4 phase), but substitutional, where the positions of the
tetrahedral centers in the unit cell are determined by the Rb/Cs ratio. It is therefore important to
carry out impedance spectroscopy measurements on low and high Rb-doping level members of the
RbxCs1-xH2PO4 series in order to clarify the effects of the observed microscopic structural changes,
including PO4 disorder, on the macroscopic proton conductivity of these mixed compounds.
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4.3 – Impedance Spectroscopy
As for the impedance spectroscopy measurements, it was necessary to press the fine
powder into a pellet of small diameter and thickness for calculations of conductivity, as a known
separation between the electrodes is required.
The pellet preparation took place on a manual hydraulic press capable of reaching 25,000
pounds of pressure, after several trials with the pressure and sample quantity it was determined
that applying 18,000 psi for 1 minute and then a slow release was the most effective way to obtain
almost identical pellets with equal diameter of 10.23 mm but a slightly different thickness where
the average was 2.68 mm ±.12 depending mostly on the doping ratios which changed the density
of the material resulting in thicker pellets.

Figure 15: Pressed pellet of CDP at 18,000 pounds. To the left we have
the pellet by itself and to the right a layer of silver paste
on both faces of it.
The pellets where then measured and painted for the analysis, with a uniform layer of silver
paste on both sides that will act as electrodes directly attached to the sample that then will be placed
in the spring loaded mechanism of our sample holder.
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Figure 16: The image on the top is the side to side some of the electrodes used in the studies;
underneath we have the loaded sample between the two electrodes.

In Figure 16 we can see the two electrodes on top with the assembled sample holder on the
bottom, the spring loaded mechanism is also attached, from here we only need to place the
protective cover and loaded into the vertical tube furnace.
Figure 17 shows Nyquist plots (out-of-phase impedance Z” vs. its in-phase counterpart Z’)
measured on Rb0.1Cs0.9H2PO4 (x = 0.1) at different temperatures, T, within the 190oC – 245oC
range. The upper panel (a) shows data collected at lower temperatures T = 190oC (squares), T =
220oC (circles) and T = 225oC (triangles).
In all the cases the Nyquist behavior measured at frequencies between 106 Hz and 103 Hz
exhibits a semicircle shape. The intersection of each semicircle with the Z’ axis (at low
frequencies) and size of the cylindrical sample (pellet) used in these impedance spectroscopy
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experiments can be used to determine the proton conductivity σ at that temperature

57, 51

. This

analysis shows that the proton conductivity of Rb0.1Cs0.9H2PO4 changes little upon heating from
190oC to 225oC, having values σ~5×10-6 S⋅cm-1. This behavior and the measured values of σ are
similar to those previously observed in the monoclinic CsH2PO4 phase 58.
The lower panel (b) shows the Nyquist plots recorded on the same compound
Rb0.1Cs0.9H2PO4, but at higher temperatures T = 235oC (squares), T = 240oC (circles) and T =
245oC (triangles) upon varying the measurement frequency between 106 Hz and 1 Hz. Here Z” vs.
Z’ exhibits a behavior markedly different from the semicircles observed at lower temperatures.
Moreover, the proton conductivity - determined from the intersection of the linear segment
of the Nyquist plots with the Z’ axis

57

– has values three orders of magnitude greater than the

ones measured at temperatures below 230oC. At T = 245oC, for example, σ = 4.1×10-3 S⋅cm-1.
This dramatic increase in proton conductivity upon heating above a temperature threshold
(superprotonic behavior) is most likely due to the same monoclinic-to-cubic polymorphic phase
transition as the one observed in the undoped compound CsH2PO4 58.
We have carried out similar measurements and analyses on the other members of the
RbxCs1-xH2PO4 series and found that the behavior showed in Fig. 17 (a) and (b) persists up to Rbdoping levels of x = 0.7.
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Figure 17: Nyquist plots (out-of-phase Z’’ vs. in-phase Z’ impedance) collected on
Rb0.1Cs0.9H2PO4 (x = 0.1) at (a) T = 200oC (squares), T = 220oC (triangles), T =
230oC (circles) and at (b) T = 235oC (squares), T = 240oC (circles), T = 245oC
(triangles).
This is consistent with the fact that the crystal structure of RbxCs1-xH2PO4 has the same
symmetry and space group (monoclinic P21/m) for all Rb-doping values between x = 0 (undoped
CsH2PO4) and x = 0.7. As demonstrated by our SC-XRD results discussed above further increasing
x to 0.8 results in a crystal structure change. Indeed, for Rb0.8Cs0.2H2PO4 the mirror plane is lost,
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the unit cell doubles in size along the a-axis, and the space group changes over to P21/c. In addition,
the number of formula units in the cell, Z, increases from 2 to 4, and, very importantly, PO4
tetrahedral disorder is present. All these structural changes (with respect to the compounds where
x≤0.7) have a strong effect on the proton conductivity of Rb0.8Cs0.2H2PO4 (x = 0.8).
As shown in Figure 18, the Nyquist plots collected at temperatures between 180oC and
240oC exhibit the same qualitative behavior throughout the entire temperature range, with no
major changes observed upon heating above 230oC (as was the case for x≤0.7, see Figure 5). This
indicates that no abrupt jump in the proton conductivity (superprotonic behavior) is observed in
Rb0.8Cs0.2H2PO4.

Figure 18: Temperature resolved Nyquist plots collected on Rb0.8Cs0.2H2PO4 (x = 0.8) at T =
180oC (squares), T = 220oC (circles), T = 230oC (upright triangles), T = 235oC
(inverted triangles), and T = 245oC (diamonds).
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Figure 19 shows the proton conductivity,σ measured at temperatures between 180oC and
250oC on the x = 0.1 (triangles), x = 0.8 (circles) and x = 0.9 (squares) compounds.

Figure 19: Temperature dependence of the proton conductivity, σ vs. T, for Rb0.1Cs0.9H2PO4
(triangles), Rb0.8Cs0.2H2PO4 (circles), and Rb0.9Cs0.1H2PO4 (squares)
The data confirms that a superprotonic behavior is present in the x = 0.1 sample, but not in
x = 0.8 or 0.9. In addition, the proton conductivity of the high Rb-doping level compounds, x =
0.8 and 0.9, measured at temperatures below 230oC is nearly two orders of magnitude higher than
that of their x = 0.1 counterparts. Interestingly, however, further heating (above 230oC) leads to
values of σ that are lower for the x = 0.8 and 0.9 samples than those recorded on the lightly Rbdoped compound (x = 0.1). At 250oC, for example, σ~2×10-3 S⋅cm-1 for x=0.8, whereas σ~4.8×103

S⋅cm-1 for x = 0.1. Therefore, there are two conclusions from the data presented in Figure 19.
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First, these results demonstrate that high levels of Rb-doping (x>0.7) lead to a significant
enhancement of the proton conductivity of CsH2PO4 at temperatures below its superprotonic
transition. But still, at temperatures above the transition, the lower Rb-doping compounds exhibit
a higher conductivity.
This is shown in Figure 20, where the proton conductivity of RbxCs1-xH2PO4 (determined
at T = 240oC from Nyquist plots as the ones in Figures 17 and 18) is plotted vs. the Rb-doping
level x. The conductivity decreases with increasing x from 5.2×10-3 S⋅cm-1 for the undoped (x =
0) compound CsH2PO4 to 8×10 S⋅cm-1 for Rb0.9Cs0.1H2PO4, x = (0.9).

Figure 20: Variation of the proton conductivity,σ with the Rb-doping level, x, measured at T =
240oC
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Figure 21: SCXRD of Rubidium Dihydrogen Phosphate at its transition temperatures were we
go from a tetragonal structure to a monoclinic at about 120 °C; this new monoclinic
structure is identical of that of room temperature Cesium Dihydrogen Phosphate
As indicated above, the monoclinic symmetry persists in RbxCs1-xH2PO4 upon the increase
of x from 0 to 0.8. At x = 0.9 the symmetry changes to tetragonal, space group I -4 2 d. The
corresponding crystal structure of Rb0.8Cs0.2H2PO4 has 4 formula units in the unit cell (Z = 4) and
is isomorphic (crystallographic ally identical) to that of the “fully-doped” RbH2PO4 (x = 1). It is
known that the tetragonal RbH2PO4 phase changes to monoclinic P21/m upon heating above
120oC, and, remarkably, this intermediate-temperature monoclinic RbH2PO4 phase is isomorphic
with the room-temperature CsH2PO4.
The superprotonic behavior of CsH2PO4 is known to be associated with a (P21/m) →
(Pm3m) polymorphic transition at T~233oC 17, 18, and there is preliminary evidence that the same
monoclinic → cubic transition is responsible for the superprotonic behavior of RbH2PO4 but at a
much higher temperature ~295oC. It is therefore interesting to investigate if mixed-cation
compounds RbxCs1-xH2PO4 with high Rb-doping levels (x = 0.9) exhibit a different behavior in
terms of the transition temperatures upon heating the RT tetragonal phase. Figure 21 shows SCXRD data that evidence the tetragonal (I-42d) → monoclinic (P 21/m) transition in RbH2PO4, with
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corresponding unit cells shown as insets. As expected [] the transition occurs at T~120oC. For the
mixed compound (Rb0.9Cs0.1H2PO4), however, the same transition is observed at a significantly
lower temperature, T~80oC. This is a remarkable behavior and, to the best of our knowledge, it
represents the first observation of a dramatic change (by 33%) of polymorphic transition
temperatures in phosphate-based solid acids by cation doping.

Figure 22: SCXRD of Rubidium- Doped Cesium Dihydrogen Phosphate at the highest doping
end, x = 0.9, were the same phase transition occurs as shown in figure 21 but at a
lower temperature, around 80°C.

This is also important, as the ability to tune the structural transition temperatures of these
systems can be potentially used to control the temperature behavior of their proton conductivity
and therefore their functionality as fuel cell electrolytes. As a next step, we plan to carry a more
extensive investigation into the effect of having mixed cations on the monoclinic → cubic
superprotonic transition in Rb0.1Cs0.9H2PO4 and Rb0.9Cs0.1H2PO4. These experiments are currently
under way.
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Chapter 5: Conclusion
A range of materials of the type RbxCs1-xH2PO4 (0 ≤ x ≤ 1) were synthesized effectively
every time following the same procedure and stoichiometry, from which both single crystal
samples and after complete drying powder samples were grinded with pestle and mortar.
SCXRD Crystals suitable for analysis that were grown via wet slow precipitation were
accurately refined with the procedures described in above sections to find their structures; these
structures are reported within ACTA crystallographic information files (.cif), these files serve the
purpose of supplying the additional information for the accurate completion of the structures.
SCXRD + EDS from the Fourier difference map the ratio of metals was determined and
confirmed by EDS measurement. At high levels of x symmetry changed. We have investigated the
structural modifications that occur upon Rb-doping of the superprotonic conductor CsH2PO4.
We used single crystal x-ray diffraction to accurately determine the crystal structures of
the RbxCs1-xH2PO4 (0 ≤ x ≤ 1) series, we found that the monoclinic P21/m modification belonging
to the parent compound CsH2PO4 persists upon the increase of the Rb-doping level form x = 0.1
to x = 0.7. Further doping to x = 0.8 results in a symmetry change to a previously unreported
monoclinic P21/c phase, where the mirror plane is lost and disorder is present in the PO4 tetrahedra
even at room temperature.
Temperature-resolved ac impedance spectroscopy to measure the proton conductivity of
these compounds at different values of the Rb-doping, x; correspondingly, a superprotonic
behavior (there orders of magnitude jump in the proton conductivity, σ, upon heating above 230oC)
occurs in compounds where x≤0.7, while a gradual increase of σ is observed for x≥0.8. At x = 0.9
the crystal structure changes to tetragonal I-42d modification isomorphic with the room
temperature structure of RbH2PO4.
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Our impedance spectroscopy data also revealed that σ measured at 240oC increases with
the decrease of x, so the most proton conductor at this temperature is still CsH2PO4. At lower
temperatures (below 230oC), however, σ is two orders of magnitude higher at high values of x
(≥0.8).
Finally, we demonstrated for the first time that the tetragonal-to-monoclinic polymorphic
phase transition temperature has a strong dependence on x: it changes from 120
80

⁰C
= 1 attox

⁰C
= 0.9.
forThis
x indicates an effect of the critical temperature for polymorphism from the

metal ratio chosen. The ability to affect the critical temperature for phase transformations is crucial,
as both mechanical integrity and decomposition rate are affected by increased temperature.

47

References
[1]

O’Hayre, R., Colella, W., Cha, S., & Prinz, F. B. (2009). Fuel Cell Fundamentals.
Chichester, U.K.: John Wiley & Sons Ltd.

[2]

Carrette, L. K., Friedrich, K.A., & Stimming, U. (2001). Fuel Cells – Fundamentals and
Applications. Fuel Cells 1(1), 5-39. doi: 10.1002/1615-6854(200105)1:1<4::AIDFUCE5>3.0.CO;2-G

[3]

D. Boysen, S.M. Haile, H. Liu, and R.A. Secco. "Conductivity of Potassium and
Rubidium Dihydrogen Phosphates at High Temperature and Pressure". Chem. Mater. 16,
693 (2004).

[4]

Fergus, Jeffrey. Hui Rob, Li, Xianguo, Wilkinson, P. David, Zhang, Jiujun, Solid Oxide
Fuell Cells: Materials Properties and Performance. Green Chemistry and Chemical
Engineering. CRC Press 2009.

[5]

Office of Energy Efficiency and Renewable Energy (EERE), support the development of
clean, renewable and efficiency energy technologies to America,
https://energy.gov/eere/office-energy-efficiency-renewable-energy

[6]

Larminie, James, Dicks, Andrew. Fuel Cell Systems Explained. Second Edition. 2003
John Wiley & Sons Ltd

[7]

Norewegian Electro Ceramics AS (NorECs). (2007). ProboStat™ Manual. Oslo,
Norway: NorECs.

[8]

Baranov, A. I., Grebenev, V. V., Khodan, A. N., Dolbinina, V. V. , & Efremova, E. P.
(2005). Optimization of superprotonic acid salts for fuel cell applications. Solid State
Ionics, 176(39-40), 2871-2874. http://dx.doi.org/10.1016/j.ssi.2005.09.018

[9]

Haile, S. M., Lentz, G., Kreuer, K.-D., & Maier, J. (1995). “Superprotonic conductivity
in Cs3(HSO4)2(H2PO4)”. Solid State Ionics, 77, 128-134. doi: 10.1016/01672738(94)00291-Y

[10]

Ogawa, Takaya, Kazuhiro, Kamiguchi, Taamaki, Takanori, Imai, Hideto, Yamaguchi,
Takeo. Differentiating Grotthuss Proton Conduction Mechanisms by Nuclear Magnetic
Resonance Spectroscopic Analysis of Frozen Samples. Analitical Chemistry, 2014,
September 4, American Chemical Society.

[11]

Yoshii, Y., Hoshino, N., Takeda, T., & Akutagawa, T. (2015). Protonic Conductivity and
Hydrogen Bonds in (Haloanilinium)(H2PO4) Crystals. The Journal of Physical
Chemistry, 199(36), 20845-20854. doi: 10.1021/acs.jpcc.5b06665

[12]

Cristian, E. B.; Heber, M.; Ronald, J. T.; Russell, R. C.; Jianzhong, Z.; Yusheng, Z.
Journal of Physics: Condensed Matter 2009, 21, 325401.

[13]

C. E. Botez, J.D. Hermosillo, R. R. Chianelli, J. Zhang, J. Qian, Y. Zhao, J. Majzlan, and
C. Pantea, “High temperature phase transitions in CsH2PO4 under ambient- and highpressure conditions”, J. Chem. Phys. 127, 194701 (2007).

[14]

High-temperature crystal structures and chemical modifications in RbH2PO4,RJ Tackett,
H,Martinez, RR Chianelli, J Zhang, Y Zhao, CE Botez,APS Meeting Abstracts 1, 38011
48

[15]

Y. Sone, P. Ekdunge, and D. Simonsson, "Proton Conductivity of Nafion 117 as
Measured by a Four‐Electrode AC Impedance Method". J. Electrochem. Soc. 143, 1254
(1996).

[16]

J. Otomo, N. Minagawa, C.-J. Wen, K. Eguchi, and H. Takahashi. "Protonic conduction
of CsH2PO4 and its composite with silica in dry and humid atmospheres". Solid State
Ionics. 156, 357 (2003).

[17]

G. Kim, J. M. Griffin, F. Blanc, S.M. Haile, and C.P. Grey. "Characterization of the
Dynamics in the Protonic Conductor CsH2PO4 by 17O Solid-State NMR Spectroscopy
and First-Principles Calculations: Correlating Phosphate and Protonic Motion". J. Am.
Chem. Soc. 137, 3867 (2015).

[18]

C.R.I. Chisholm, Y.H. Jang, S.M. Haile, and W.A. Goddard. "Superprotonic phase
transition of CsHSO4: A molecular dynamics simulation study". Phys. Rev. B 72,
134103 (2005).

[19]

A.I. Baranov, L.A. Shuvalov, and N.M. Shchagina. "Superion conductivity and phase
transitions in CsHSO4 and CsHSeO4 crystals". JETP Lett. 36, 459 (1982).
A. M. Balagurov, A. I. Beskrovnyi, B. N. Savenko, B. V. Merinov, M. Dlouhá, S. Vratislav,
and Z. Jirák. "The room temperature structure of deuterated CsHSO4and CsHSeO4". Phys.
Stat. Sol. (a). 100, K3 (1987).

[20]

[21]

C.R.I. Chisholm, L.A. Cowan, S.M. Haile, and W.T. Klooster. "Synthesis, Structure, and
Properties of Compounds in the NaHSO4−CsHSO4 System. 1. Crystal Structures of
Cs2Na(HSO4)3 and CsNa2(HSO4)3". Chem. Mater. 13, 2574 (2001).

[22]

S.M. Haile, P.M. Calkins, and D. Boysen. "Superprotonic conductivity in βCs3(HSO4)2(Hx(P,S)O4)". Solid State Ionics. 97, 145 (1997).

[23]

B.V Merinov, C.R.I. Chisholm, D.A Boysen, and S.M Haile. "Proton (deuteron)
conductivity in Cs1.5Li1.5H(SO4)2 and Cs1.5Li1.5D(SO4)2 single crystals". Solid State
Ionics. 145, 185.

[24]

C. Panithipongwuta, and S.M. Haile. "High-temperature phase behavior in the
Rb3H(SO4)2–RbHSO4pseudo-binary system and the new compound Rb5H3(SO4)4".
Solid State Ionics. 213, 53.

[24]

J.-H. Park. "Possible origin of the proton conduction mechanism of CsH2PO4 crystals at
high temperatures." Phys. Rev. B. 69, 054104 (2004).

[26]

J.-H. Park, K.-S. Lee, and J.-N. Kim. "Surface instability and possible polymerization in
RbH2PO4 at high temperatures". J. Phys.- Condens. Matter. 10, 9593 (1998).

[27]

E. Ortiz, R.A. Vargas, and B.-E. Mellander. "On the high-temperature phase transitions
of CsH2PO4 : A polymorphic transition? A transition to a superprotonic conducting
phase?". J. Chem. Phys. 110, 4847 (1999).

[28]

W. Brownoska. "Comment on “Does the structural superionic phase transition at 231 °C
in CsH2PO4 really not exist?” [J. Chem. Phys. 110, 4847 (1999)]". J. Chem. Phys. 114,
611 (2001).

49

[29]

A.I. Baranov, V.P. Khiznichenko, and L.A. Shuvalov. "High temperature phase
transitions and proton conductivity in some kdp-family crystals". Ferroelectrics. 100, 135
(1989).

[30]

V.G. Ponomareva, and E.S. Shutova. "New medium-temperature proton electrolytes
based on CsH2PO4 and silicophosphate matrices". Inorg. Mater. 50, 1050 (2014).

[31]

V.V. Martsinkevich, V.G. Ponomareva, T.N. Drebushchak, G.V. Lavrova, and S. S.
Shatskaya. "Structure of Cs1−xRbxH2PO4 solid solutions". Inorg. Mater. 46, 765 (2010).

[32]

Hermosillo, Juan D., Jianzhong, Zhang, Jiang, Qian. High-temperature phase transitions
in CsH2PO4 under ambient and high-pressure conditions: A synchrotron x-ray
diffraction study. The Jorunal of Chemical Physics, 127, October 2007.

[33]

Botez, Cristian E., Chianelli, Russell R., Zhang, Jianzhong, Qian, Jiang, Zhao, Yusheng,
Majjzlan, Juraj, Patea, Cristian. Evidence for a structural transition to a superprotonic
CsH2PO4 phase under high pressure. Materials Research Society Symposium
Proceedings, October 2006.

[34]

Norsyahida Mohammad, Abu Bakar Mohamad, Abdul Amir H. Kadhum, Kee Shyuan
Loh. A review on synthesis and characterization of solid acid materials for fuel cell
applications. Journal of Power Sources, Volume 322, 1, August, 2016.

[35]

Kimiko Hasagawa. Introduction to single crystal X-ray analysis. The Rigaku Journal, 28,
2012

[36]

Bruker AXS Inc.: 2009; Vol. 2009.9.

[37]

G. M. Sheldrick, SHELXTL Version 5.0, Bruker Analytical X-ray Instruments Inc.,
Madison, WI, USA, 1994.

[38]

SAINT Version 7.68a, Bruker AXS Inc.; Madison, WI 2009.

[39]

Sheldrick, G. M. CELL NOW Version 2008-2, Bruker AXS, Inc.; Madison, WI 2008.

[40]

Putnis, A.. Introduction to Mineral Sciences. Cambridge, UK: Cambridge University
Press. Chapter 3 (pp. 41-80), 1992.

[41]

Clark, Cristine M., Dutrow, Barbara L..Geochemical Instrumentation and Analysis.
Single-Crystal X-Ray Diffraction. The Science Education Resource Center at Carleton
College (SERC).
http://serc.carleton.edu/research_education/geochemsheets/techniques/SXD.html

[42]

National Fuel Cell Research Center, University of California Irvine.
http://www.nfcrc.uci.edu/3/tutorials/EnergyTutorial/Default.aspx

[43]

Hitachi High-Technologies. (2009). SwiftED-TM: Energy Dispersive X-ray
Spectrometer (Dedicated for Hitachi TM-1000 Tabletop MMicroscope). Tokyo, Japan:
Hitachi High-Technologies Corporation.

[44]

Anderson, Hayley. The Electron Microscope. Microscope Master, Research, Reviews and
Comparisons. http://www.microscopemaster.com/electron-microscope.html

[45]

Leng, Yang. Materials Characterization: Introduction to Microscope and Spectroscopic
Methods. Wiley, 2009. ISBN 978-0-470-822299-9.
50

[46]

Product specifications for SWIFTED-TM Energy Dispersive X-Ray Spectrometer.
Tokyo, Japan (2009). Retrieved from URL: http://hitachihta.com/sites/default/files/product_files/SwiftED-TM.pdf

[47]

Central Facility for Advanced Micriscopy and Microanalysis. Introduction to Energy
Dispersive X-Ray Spectrometry (EDS), http://cfamm.ucr.edu/documents/eds-intro.pdf

[48]

Lvovich, P. V.. Impedance Spectroscopy: Applications to Electrochemical and Dielectric
Phenomena. Hoboken, NJ: WILEY, 2012.

[49]

Autolab Application Note COR04. Equivalent Circuit Models. July 1, 2011.

[50]

Ikeda, Ayako. Superprotonic Solid Acids Thermochemistry, Structure, and Conductivity.
California Institute of Technology, Pasadena, California. 2013.

[51]

Agarwal, P., Orazem, M.E., Garcia-Rubio, L.H.. Basics of Electrochemical Impedance
Spectroscopy. Gamry. The Electrochemical Society, 1992.

[52]

G.M. Sheldrick. SADABS. University of Göttingen (1997).

[53]

H. Matsunaga, K. Itoh, and E. Nakamura. "X-Ray Structural Study of Ferroelectric
Cesium Dihydrogen Phosphate at Room Temperature". J. Phys. Soc. Jpn. 48, 2011
(1980).

[54]

A.R. Al-Karaghouli, B. Abdul-Wahab, E. Ajaj, and A. Sequeira. "A precision neutron
diffraction study of tetragonal RbH2PO4". Acta Cryst. B34, 1040 (1978).

[55]

A. Earnshaw, and N. Greenwood. "Chemistry of the Elements 2nd Edition". ButterworthHeinemann 1997..

[56]

L. Vegard. “Die Konstitution der Mischkristalle und die Raumfüllung der Atome”.
Zeitschrift für Physik a Hadrons and Nuclei, 5, 17 (1921).

[57]

C.H. Lee, H.B. Park, Y.M. Lee, and R.D. Lee. "Importance of Proton Conductivity
Measurement in Polymer Electrolyte Membrane for Fuel Cell Application". Ind. Eng.
Chem. Res. 44, 7617 (2005).

[58]

A.I. Baranov, B.V. Merinov, A.B. Tregubchenko, L.A. Shuvalov, and N. M. Shchagina.
"Frequency dielectric dispersion in the ferroelectric and superionic phases of CsH2PO4".
Ferroelectrics. 81, 183 (1988).

51

Curriculum Vita
Andres Jose Encerrado Manriquez was born in Cd. Juarez, Chihuahua, Mexico, on November of
1992. After finishing high school in 2010 back in Mexico, he joined the University of Texas at
El Paso under a degree in Mathematics which latter changed to Physics. Here he worked as an
undergraduate as a Teacher Assistant for a variety of classes, workshops and laboratories in
Physics topics, as well as a Undergraduate Research Assistant for the X-Ray Scattering
Laboratory under the supervision of Dr. Cristian E. Botez.

In the research he was able to collaborate with other students and researchers through the
university which made him an awardee of the COURI program for scientific contributions during
the undergraduate studies in 2012.He received his Bachelor’s degree in Applied Physics late in
2014 and joined the graduate program in Physics the following term.
After been mentor for undergraduate students, participant in many international conferences,
teacher assistant for advance laboratories in physics and part of the research team leader in
collaborations across disciplines on the department he completed his Master’s degree in Physics
on May 2017.

Structural modifications in the RbxCs1-xH2PO4 (0≤x≤1) superprotonic conductor series: a single
crystal X-ray Diffraction and Impedance Spectroscopy study. This work is part of an ongoing
effort across fields by the department of defense to find and test new electrolyte materials for
fuel cell applications to surpass the current limits of the industry.

52

CAREER SUMMARY

Worked in a team environment doing research in the X-ray Scattering Laboratory under the
supervision of Dr. Cristian Botez synthetizing, preparing and analyzing samples for our
research on Solid Acid Electrolytes as well as many collaborations with other university
research groups. Managed physics and math oriented workshops, laboratories and tutor
sessions; assisted in the recruitment events on high schools and inside the university for the
department of physics.
EDUCATION

Jan 2015 – May 2017

The University of Texas at El Paso

El Paso, TX

Masters of Science (M.S.) in Physics
Thesis: Structural modifications in the RbxCs1-xH2PO4 (0≤x≤1) superprotonic conductor series: a
single crystal X-ray Diffraction and Impedance Spectroscopy study.




Research Areas: X-Ray Diffraction (XRD) techniques, Crystallization techniques, Fuel
Cells, FullProf Refinement, Whole Pattern Analysis, Rietveld Analysis, Temperature
Dependence, Sol-Gel methods, acidic reactions, Conductivity, and Doping.
Cumulative GPA: 3.30/4.0

Aug 2010 – Dec 2014

The University of Texas at El Paso

El Paso, TX

Bachelor of Science (B.S.) in Physics

Cumulative GPA: 3.04/4.0
EXPERIENCE
Jan 2011 – May 2017
Lab

The University of Texas at El Paso

X-Ray Scattering

Graduate and Undergraduate Research Assistant
Project: Electrochemical Impedance Spectroscopy: A Study on Phosphate Based Solid Acid Salts

In collaboration with X-Ray Scattering Lab and the Department of Defense, designed and
executed experimental project to analyze the properties of Cesium Dihydrogen Phosphate (CDP).

Analyzed collected data with XRD and AC Impedance Spectroscopy.
Project: Chemical and Physical Characteristics of Bismuth Ferrite

Designed experimental processes to detect phase transformations in Bismuth Ferrite through
direct thermal decomposition synthesis with XRD data collection and analysis.
Project: Structural and Chemical Behavior Analysis of a Local Crystalline Formation: Desert Rose

Analyzed sample composition of Desert Rose crystalline formation collected from the Desert of
Chihuahua.

53



Replicated the found compound through the supersaturation-controlled synthesis technique in a
controlled research environment with the purpose of implementing it in the removal of heavy
compounds in polluted water.

Project: Conditions Dependence Crystallite Phases on Doped Phosphate Salts


In collaborative effort with the X-Ray Scattering team, designed an experimental process that
tested and analyzed the characteristics of doped phosphate salts for fuel cell applications.

Project: Chemical Transformations of Acetaminophens

Trained and supervised a research team of 4 undergraduate students on methods of sample
preparation, and data collection and analysis with a powder diffractometer.
Project: Structural Temperature Dependence of Potassium and Rubidium Phosphate Salts


Assisted in a collaborative effort between the X-Ray Scattering team and the Department of
Defense with sample preparation and data collection and analysis.

Jan 2011 – May 2017
Ray Scattering Lab

The University of Texas at El Paso

X-

Graduate and Undergraduate Teaching Assistant






Supervised processes for advanced Physics laboratories in circuits and mechanics.
Conducted Physics workshops and tutoring sessions for a total of 520 undergraduate students of
various career fields.
Conducted regular maintenance checks on laboratory equipment to include cleaning and storage.
Trained new Teacher Assistants on proper equipment use and maintenance.
Graded and provided feedback to students on their progress throughout the semester.

SKILLS

Interpersonal

Excellent interpersonal communication skills. Fluent in English and Spanish, written and oral
expression.

Able to work as part of a team and take leadership positions when necessary.

Capable of dealing with stressful situations while dealing with others.

Group
Research Software

Grapher, Fullprof, ConvX, High Score Plus, Diamond, LabView, Origin, and Latex.
Instrumentation

Trained in the operation, maintenance, and troubleshooting of single crystal and powder diffraction
machinery and software: Bruker’s Siemens D5000 and D8 Discover, Panalytical’s Empyrean.

Assembly and operation of ProboStat for non-ambient impedance spectroscopy.


Competent user of Multimeters, Oscilloscopes and Power Sources.



Able to assemble simple circuitry and soldering.

Programing and Scripting

C++, Fortran, Python.

Languages

54



Fluent communication in Spanish and English.

PUBLICATIONS

Journals
Monoclinic RbD2PO4: Room temperature synthesis, chemical and structural stability upon heating,
Elsevier, vol. 143, no.2, pp 605-610, Jan 2014

Cristian E. Botez, Masoud Mollaee, Andres J. Encerrado Manriquez, Michael P. Eastman.
Heating induced structural and chemical behavior of KD2PO4 in the 25°C – 215°C temperature
range, Elsevier, vol. 83, pp. 74-78, Sep 2013

Cristian E. Botez, Joshua L. Morris, Andres J. Encerrado Manriquez, Adan Anchondo.

Conferences
Structural modifications in the RbxCs1-xH2PO4 (0≤x≤1) superprotonic conductor series: a singlecrystal x-ray diffraction and impedance spectroscopy study.

Collaboration: Andres J. Encerrado Manriquez, Alan Goos, Heber Martinez, Alex D. Price,
Cristian E. Botez.


Conference: Spring 2017 Meeting of the Texas Sections of APS, Texas Section of AAPT, and
Zone 13 of the Society of Physics Students at San Antonio, Texas, USA, March 2017.

Conductivity of Cs1-xSiO2xH2PO4 though Impedance Spectroscopy: Temperature Dependence Study.

Collaboration: Andres J. Encerrado Manriquez, Alan Goos, Ben Deutsch, Israel Martinez, Andrea
Montgomery, Victor Gonzalez, Cristian E. Botez.


Conference: Annual Meeting of the American Crystallographic Association, 66th meeting of the
ACA at Denver, Colorado, USA, Jul 2016.

Study of naturally grown Desert Rose formations from the Chihuahua Desert: A structural and
chemical behavior analysis.

Collaboration: Andres J. Encerrado Manriquez, Alan Goos, Alex Price, Cristian E. Botez.


Conference: 2015 Annual Meeting of the American Crystallographic Association, 65th meeting of
the ACA at Philadelphia, Pennsylvania, USA, Jul 2015.

Monoclinic RbD2PO4: room temperature synthesis, chemical and structural stability upon heating.

Collaboration: Cristian E. Botez, Masoud Mollaee, Andres J. Encerrado Manriquez, Michael
Eastman.


Conference: Joint Fall 2013 Meeting of the Texas Sections of the APS, AAPT, and Zone 13 of
the SPS, Volume 58, Number 10 at Brownsville, Texas, USA, Oct 2013.

X-ray Diffraction Study of Acetaminophen.

Collaboration: Victor Gonzalez, Leonel Griego, Andres J. Encerrado Manriquez, Cristian E.
Botez.


Conference: Joint Fall 2013 Meeting of the Texas Sections of the APS, AAPT, and Zone 13 of
the SPS, Volume 58, Number 10 at Brownsville, Texas, USA, Oct 2013.

Heating Induced structural and chemical behavior of KD2PO4 in the 25°C-215°C temperature range.

Collaboration: Andres J. Encerrado Manriquez, Adan Anchondo, Joshua Morris, Cristian E.
Botez.

55



Conference: 2013 COURI Fall Symposium at the University of Texas at El Paso, 2012-2013 as a
awardee, El Paso, Texas, USA, May 2013.

Heating Induced structural and chemical behavior of KD2PO4 in the 25°C-215°C temperature range.

Collaboration: Andres J. Encerrado Manriquez, Adan Anchondo, Joshua Morris, Cristian E.
Botez.


Conference: Joint Spring 2013 Meeting of the Texas Sections of the APS, AAPT, and Zone 13 of
the SPS, Volume 58, Number 3 at Tarleton, Texas, USA, Apr 2013.

AFFILIATIONS AND ACTIVITIES
Professional
American Chemical Society (ACS)
Member, 2011 – Present
American Crystallographic Association (ACA)
Member, 2013 – Present
Society of Physics Students (SPS)
Member, 2011 – Present
In Campus
Club Zero
Member, 2011 – 2014
SPS UTEP branch
Member 2011 – 2014
ACADEMIC HONORS AND AWARDS
Travel Grant, ACA.
Awarded to a select group of attendees of the annual meeting, Jul 2015.
Travel Grant, UTEP Graduate School.
Awarded to graduate students with research of interest, Jul 2015.
COURI Award, UTEP Undergraduate Research Program.
For scientific contributions during the undergraduate studies, Campus Program, Aug 2012.
Benito Juarez Award, Liberty Partnership Program at St. John’s University.
Providing sponsorship with stipend for undergraduate studies on the field of science, Jan 2011.

Contact Information: < ajencerradom@gmail.com > < www.linkedin.com/in/ajencerradom>
This thesis/dissertation was typed by < Andrés José Encerrado Manriquez>.

56

